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METHOD OF SORBING SULFUR COMPOUNDS USING 
NANOCRYSTALLINE MESOPOROUS METAL OXIDES 

5 BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention is generally directed towards methods of sorbing sulfur compounds, 
particularly H 2 S, S0 2 , and organosulfur compunds, from a fluid using mesoporous metal oxide 
compounds. Metal oxide compounds for use with the present invention include porous 
10 compounds having soft Lewis acids impregnated therein or sorbed in the pores thereof, carbon 
coated metal oxide compounds, and porous nanocrystalline metal oxide compounds which 
themselves exhibit soft Lewis acid properties. The metal oxide compound is contacted with the 
fluid containing the sulfur compounds. 

1 5 Description of the Prior Art 

Sulfur-containing compounds are present in all fractions of crude oil, some constituting 
up to 2.5% by weight of the particular fraction. These sulfur-containing compounds can poison 
many catalysts used in chemical processes. In particular, the Group VIII metal catalysts are 
extremely sensitive to sulfur poisoning. Also, the generation of sulfur oxides during the 

20 combustion of sulfur-containing fuels and the oxidation of these oxides to H 2 S0 4 in automotive 
exhaust constitutes a major environmental concern to the point that the U.S. Environmental 
Protection Agency has imposed standards requiring that the maximum sulfur contents of gasoline 
and diesel fuel be 30 and 15 ppm, respectively, by 2006. These levels are down dramatically 
from present levels which are as high as several hundred ppm of sulfur compounds. 

25 In oil refineries, an enormous effort is focused on the removal of organosulfur molecules 

from oil. Generally, such removal is achieved by catalytic processes at high temperatures and 
pressures. The conventional hydrodesulfurization (HDS) process that is widely used is very 
efficient for the removal of thiols and sulfides, but is less effective for removal of thiophenes and 
related derivatives. Therefore, unacceptably high concentrations of organosulfur compounds 

30 remain in the fuel stream. 



The use of sorbents to remove these remaining portions of organosulfur compounds has 
been investigated in the past, however no sorbent has been shown to have an enhanced sorption 
capacity over an extended range of sulfur concentrations and the capability to remove all 
organosulfur compounds to the desired concentration while being capable of regeneration and 
5 production at a low cost. 

Generally, the sulfur sorbent materials fall into two categories: (1) chemisorbents which 
are solid substances that chemically bind sulfur-contaminated compounds, and (2) physisorbents 
which are solid substances that adsorb the sulfur compounds by weak intermolecular forces, such 
as van der Waals interaction. Physisorbents, in principle, can work at ambient conditions and 

10 have a substantial capacity for removal of sulfur compounds at relatively high concentrations. 
The main drawback of physisorbents is their inability to reduce sulfur compound concentrations 
to low levels approaching 15 ppm. Chemisorbents do lower the sulfur content considerably, 
however the adsorption process must occur at elevated temperatures, about 200°-500°C and 
higher. Furthermore, regeneration of chemisorbents is also very difficult and chemisorbents tend 

1 5 not to exhibit the necessary capacity for removing compounds present at high levels. 

Combinations of conventional chemisorbents and physisorbents have been suggested to 
overcome the problems with using purely chemi- or physisorbent materials. However, due to 
completely different operational temperatures, blended adsorbents demand complicated 
purification processes which result in higher operational costs. U.S. Patent No. 5,146,039 

20 discloses the introduction of transition metal ions in a zeolite framework for removal of sulfides 
and disulfides to levels of 5 ppb at temperatures of 60°- 1 20°C, however, the adsorption capacity 
for these materials is low. For example, hydrocarbon feeds with sulfur content greater than 20 
ppm could not be used with these adsorbents. 

As a further illustration of the problems associated with these zeolite compounds, U.S. 

25 Patent No. 5,807,475 describes a zeolite adsorbent (Ni-zeolite-X and Mo-zeolite -X, for example) 
for thiophene and mercaptan removal from gasoline in the temperature range of 10°-100°C. 
However, the adsorption capacity is not high, and the sulfur recovery does not exceed 40-50%. 

Therefore, there is a real and unfulfilled need in the art for an improved sorbent material 
which has enhanced sorption capacity over a broad range of sulfur concentrations, has the 

30 capability to remove a wide variety of organosulfur compounds, can be easily regenerated, and 
is cost effective to produce. 
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SUMMARY OF THE INVENTION 
The present invention overcomes the above problems and provides methods and 
compositions for adsorbing sulfur compounds, especially H 2 S, S0 2 , and organosulfur 
compounds, from a fluid, particularly, a hydrocarbon fluid such as gasoline and diesel fuel. The 
5 inventive method employs various compositions to sorb the target sulfur compounds. One such 
composition comprises a porous first material impregnated with a second material. The first 
material is selected from the group consisting of metal oxides and metal hydroxides, the second 
material is selected from the group consisting of metals, metal cations, and metal oxides. As 
used herein, the term "impregnated" means that the second material has permeated the first 

10 material, or that the first material has become infused with the second material. This is to be 
contrasted with the second material forming a "coating" on the first material, which generally 
indicates that a layer of material has been deposited on the outer surface of another material. 

In addition to merely being porous, the first material may also be classified as 
"mesoporous" or "macroporous" as opposed to "microporous", indicating a relatively open, 

15 fibrous pore structure. The preferred first material has average pore opening sizes of at least 
about 4 nm and more preferably about 8 nm. Furthermore, the first material should have 
crystallite sizes (as determined by powder x-ray diffraction) of less than about 15 nm, and more 
preferably between 2-10 nm. As is conventional in the art, the term "particle" is used herein 
interchangeably with the term "crystallite". Because of such large pore openings, the first 

20 material may be impregnated with the second material without damaging the nanocrystalline 
structure of the first material. 

The first material is preferably a metal oxide selected from the group consisting of MgO, 
Ce0 2? AgO, SrO, BaO, CaO, Ti0 2 , Zr0 2 , FeO, V 2 0 3 , V 2 0 5 , Mn 2 0 3 , Fe 2 0 3 , NiO, CuO, A1 2 0 3 , 
ZnO, Si0 2 , Ag 2 0, and combinations thereof. Most preferably, the metal oxide is MgO, A1 2 0 3 

25 or an intimate mixture of MgO and A1 2 0 3 (hereafter referred to as Mg0»Al 2 0 3 ). The first 
material should have a Brunauer-Emmett-Teller (BET) multi-point surface area of at least about 
1 00 m 2 /g, more preferably at least about 200 m 2 /g, and a pore volume of at least about 0.3 cm 3 /g, 
and more preferably at least about 0.8 cm 3 /g. 

Selection of the second material is largely dependent upon the properties of the sulfur 

3 0 target compound which exhibits the property of being a soft Lewis base, a species which exhibits 
the tendency to act as an electron pair donor. Therefore, the most effective sorbents comprise 
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soft Lewis acids which effectively coordinate to sulfur. Generally, Lewis acids are defined as 
species which can accept a share in an electron pair (i.e., an electron pair acceptor). In broad 
terms, soft Lewis acids are transition metals with six or more electrons, with the d 10 configuration 
metals and metal ions exhibiting excellent soft Lewis acid properties. Soft Lewis acids have 
5 small highest occupied molecular orbital (HOMO) to lowest unoccupied molecular orbital 
(LUMO) gaps. The presence of low-lying unoccupied molecular orbitals capable of mixing with 
the ground state of ligands (adsorbates) accounts for the polarizability of soft atoms. Such 
mutual polarizability allows distortion of electron clouds to reduce repulsion. Also, with 
polarizable species synergistically coupled, a donation and iz backbonding will be enhanced. 

10 Preferred soft Lewis acids include atoms and cations of Ag, Hg, Au, Ni, Co, Cu, Sn, Ga, 

In, and Pt. In addition, some metal oxides of these preferred metals exhibit excellent soft Lewis 
acid properties, particularly Ga 2 0 3 and ln 2 0 3 . 

It is within the scope of the present invention to form the powder compositions described 
above into composites comprising a plurality of agglomerated nanocrystalline particles. The 

15 composite may be formed by pressing or extruding the nanocrystalline particles into pellets. 
Remarkably, even though pellet formation may occur at high pressures (50-6,000 psi), the pellet 
retains at least about 25% of the total pore volume of the first material prior to agglomeration 
thereof, more preferably at least about 50%, and most preferably about 90% thereof. 
Agglomerating or agglomerated as used hereinafter includes pressing together of the adsorbent 

20 powder as well as pressed-together adsorbent powder. Agglomerating also includes the spraying 
or pressing of the adsorbent powder (either alone or in a mixture) around a core material other 
than the adsorbent powder, including, for example, a binder or filler. 

In addition to the above-described composition, it is also within the scope of the invention 
to provide an effective organosulfur sorbent composition comprising Ga 2 0 3 , ln 2 0 3 , SnO or 

25 intimate mixtures of Ga 2 0 3 »Al 2 0 3 , Ga 2 0 3 *ln 2 0 3 , or In 2 0 3 ^Al 2 0 3 . This composition is in the form 
of nanoparticles having average particle sizes of less than about 15 nm, and more preferably 
between 2-10 nm. Due to the higher atomic numbers of Ga, In, and Sn, surface areas of these 
particles will not be as high as for other, lighter metals. However, the particles comprising Ga, 
In, or Sn should have surface areas of at least 30 m 2 /g, more preferably between about 50-70 

30 m 2 /g, and most preferably between 70-120 m 2 /g. As with the mesoporous particles previously 
described, these particles also exhibit relatively large pore opening sizes (at least about 4 nm, 
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more preferably at least about 8 nm) and total pore volumes (at least about 0.4 cm 3 /g, more 
preferably at least about 0.8 cm 3 /g). 

The adsorbents comprising Ga, In, or Sn are formed by a modified autoclave treatment 
process (also referred to as an aerogel process) similar to that described by Utamapanya et al., 
5 Chem. Mater,, 3:175-181 (1991) incorporated by reference herein, with the exception that the 
present process utilizes lower temperatures because the above materials are less thermally stable 
when compared to oxides of lighter metals such as A1 2 0 3 . Furthermore, these adsorbents may 
also be formed into composites comprising a plurality of agglomerated nanoparticles. These 
composites are very similar to the impregnated metal oxide composites described above and may 

10 be formed in a similar manner such as by pressing or extrusion. As with the impregnated metal 
oxide composites, the composites comprising Ga, In, or Sn present a fibrous crystalline structure 
which retains a substantial portion of it total surface area (at least about 25%, preferably 50%, 
most preferably 90%) and pore volume after agglomeration. 

Another type of sorbent material within the scope of the present invention is a composite 

15 comprising a metal oxide nanoparticle at least partially coated with or intimately intermingled 
with graphitic carbon. The carbon-coated particles generally comprise a metal oxide core at least 
partially coated with a carbon shell whereas the intermingled particles are formed by combining 
carbon aerogels with metal oxide aerogels. Preferred metal oxides are selected from the group 
consisting of MgO, Ce0 2 , AgO, SrO, BaO, CaO, Ti0 2? Zr0 2 , FeO, V 2 0 3 , V 2 0 5 , Mn 2 0 3 , Fe 2 0 3 , 

20 NiO, CuO, A1 2 0 3 , ZnO, Si0 2 , Ag 2 0, and combinations thereof. The metal oxide adsorbents prior 
to coating should have an average crystallite size of from about 2-50 nm, preferably from about 
3-10 nm, and more preferably from about 4-8 nm. 

In terms of pore size, the preferred carbon coated composites should have an average pore 
diameter of at least about 1 nm, and more preferably from about 3-10 nm. The final coated 

25 composite will have an average overall crystallite size of from about 3-60 nm, preferably from 
about 3-15 nm, and more preferably from about 5-10 nm. Thus, the coating layer will have a 
thickness of less than about 1 nm, and more preferably of from about 0.3-0.7 nm. The final 
coated composites will also exhibit a BET multi-point surface area of from about 30-700 m 2 /g, 
preferably from about 200-700 m 2 /g, and preferably from about 400-600 m 2 /g (although the 

30 heavier metal ions naturally have lower surface areas per gram, such as 30-100 m 2 ). At least 
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about 10%, preferably at least about 30%, and more preferably at least about 50% of the surface 
area of the metal oxide nanoparticles is coated with the coating layer. 

The carbon coated composites comprise from about 50-98% by weight, preferably from 
about 75-95% by weight, and more preferably from about 80-90% by weight metal oxide 
5 nanoparticles, based upon the total weight of the final coated composite taken as 1 00% by 
weight. Furthermore, the inventive composites comprise from about 2-50% by weight, more 
preferably from about 5-25% by weight, and even more preferably from about 1 0-20% by weight 
carbon coating layer, based upon the total weight of the final coated composite taken as 100% 
by weight. The coating layer is graphitic and carbonaceous in nature and will comprise at least 

1 0 about 90% by weight carbon and preferably at least about 98% by weight carbon, based upon the 
total weight of the coating layer taken as 100% by weight. However, even more preferably, the 
carbon coating layer is entirely carbon. 

In the intermingled carbon composites, graphitic carbon nano-regimes are intimately 
intermingled with metal oxide nano-regimes thereby allowing physisorption of sulfur compounds 

15 in close vicinity of soft Lewis acid sites on the metal oxide. 

Methods of sorbing sulfur compounds from a fluid, either liquid or gaseous, according 
to the present invention comprise the steps of providing a sorbent material comprising any of the 
compounds and composites described above and contacting the fluid with the sorbent material 
for sorption of at least a portion of the sulfur compounds therein. Preferably, the contacting step 

20 occurs at temperatures between about -40°- 1 50°C, at nearly atmospheric pressure. The sorbent 
material may also be in the form of pellets of the agglomerated particles described above. Using 
the present inventive method, it is possible to reduce sulfur compound levels in the fluid from 
levels as high as 175 ppm to less than about 15 ppm, and preferably less than about 8 ppm. 

The sulfur compound, when contacted with the sorbent material, is sorbed both physically 

25 (by the porous metal oxide material) and chemically (by the soft Lewis acid sites on the sorbent 
material). Preferably, sorbent materials according to the present invention are capable of being 
regenerated, therefore, the chemisorption exhibited at the soft Lewis acid sites should not rise to 
the level of destructive adsorption (dissociative chemisorption). 

Regeneration of the sorbent material may occur by heating a bed of material to between 

30 about 1 00°-250°C while flowing a clean hydrocarbon solvent over the material. Depending on 
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the sorbant material, more polar solvents such as methanol, ethanol, or acetone may be needed 
to regenerate the material. 

The present invention is particularly suited for removing organosulfur compounds from 
hydrocarbon fluids, such as, gasoline and diesel fuel. Organosulfur compound contained within 
5 these fuels are generally members selected from the group consisting of substituted and 
unsubstituted, saturated and unsaturated aliphatic, cyclic and aromatic organosulfur compounds. 
Preferably, the organosulfur compounds are selected from the group consisting of thiophene, 
dibenzothiophene, dimethyldibenzylthiophene, octanethiol and combinations thereof. 

In a preferred embodiment, pellets of adsorbent materials are placed in a housing for 
10 treatment of a hydrocarbon fuel in situ, that is, on the vehicle or machine consuming the fuel. 
Preferably, the housing is in the form of a conventional fuel filter. The fuel filter may be an in- 
line type filter which is placed at some point in the fuel line between the fuel tank and engine, 
or a single-connector type filter (similar to a conventional automotive oil filter) which may be 
attached via a single connector point to the engine. In this particular embodiment, pelletized 
1 5 material is preferred to loose powder material for ease of material containment. 

The present invention is also suited for removing H 2 S and S0 2 from gaseous fluids such 
as hydrocarbon streams and smokestack effluent. 

BRIEF DESCRIPTION OF THE DRAWINGS 
20 Figure 1 is a schematic view of a single-connector type fuel filter containing adsorbent 

material according to the present invention. 

Fig. 2 is a schematic view of an in-line type fuel filter containing adsorbent material 
according to the present invention. 

25 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

Figures 1 and 2 depict preferred fuel filter embodiments containing adsorbent material 
in accordance with the present invention. For purposes of illustrating these preferred 
embodiments, A1 2 0 3 impregnated with Ag ions (hereafter referred to as Ag-AP-Al 2 0 3 ) will be 
used as the adsorbent material. However, nothing in this illustration should be taken as a 

30 limitation upon the overall scope of the invention. 
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Turning now to Fig. 1 which depicts a single-connector type fuel filter 10 comprising 
housing 12 having a plurality of sorbent Ag-AP-Al 2 0 3 pellets 14 located therein. The flow of 
incoming fuel into filter 10 is indicated by arrow 16. The incoming fuel 16 enters the filter 
through a central orifice 1 8 and then flows through cylinder 20 and into chamber 22 where it 
5 contacts pellets 14. As the fuel contacts pellets 14, organosulfur contaminants in the fuel are 
adsorbed by the pellets. The purified fuel denoted by arrows 24 then leaves the chamber 22 (and 
consequently filter 10) through a plurality of orifices 26. 

Filter 10 is equipped with a male threaded ring section 28 which may be received in a 
corresponding female threaded opening (not shown) of, for example, an engine block. 
1 0 Additionally, solvent resistant gaskets (not shown) may be used with filter 1 0 in order to properly 
seal the filter orifices 1 8, 26 with the engine block so as to avoid leaking. 

Figure 2 depicts another preferred fuel filter apparatus 30 which is suitable for in-line 
connection. Like the embodiment of Fig. 1, filter 30 comprises a housing 32 having a plurality 
of sorbent Ag-AP-Al 2 0 3 pellets 34 located therein. The flow of fuel through the filter is depicted 
15 by arrows 36, 38. The fuel enters filter 10 through orifice 40 and enters chamber 42 whereupon 
it comes into contact with pellets 34. Again, as the fuel contacts pellets 34, organosulfur 
contaminants in the fuel are adsorbed by the pellets. The purified fuel denoted by arrows 3 8 then 
leaves the chamber 42 through orifice 44. 

Filter 30 is configured for in-line placement in a fuel delivery system. Filter 30 may be 
20 attached directly to the fuel line using connectors 46, 48. Brackets 50 allow filter 30 to be fixedly 
secured to a solid portion of the vehicle in order to avoid damage to the fuel line or filter 
attributable to vehicle motion and vibrations. 

Examples 

25 The following examples set forth preferred methods of synthesizing nanocrystalline 

mesoporous metal oxide compounds in accordance with the present invention. It is to be 
understood, however, that these examples are provided by way of illustration and nothing therein 
should be taken as a limitation upon the overall scope of the invention. 



30 
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Example 1 

In this example, nanosized A1 2 0 3 particles were impregnated with silver ions. In a 250 
ml round bottom flask, about 0.2g of nanosized A1 2 0 3 (also referred to as AP-A1 2 0 3 ) prepared 
by the aerogel method described by Utamapanya et al., Chem. Mater., 3:175-181 (1991), 
5 incorporated by reference herein, 0.11 g of silver acetylacetonate (Aldrich), and 25 ml of 
tetrahydrofiiran (Fisher) were combined. The resulting slurry was stirred at room temperature 
for about 24 hours and protected from exposure to light with aluminum foil. After stirring, the 
mixture was centrifuged, washed with tetrahydrofuran approximately 4-5 times to remove excess 
silver acetylacetonate, and dried in a drying cabinet for about 2 hours. The brown powder that 
1 0 remained was heated at 500°C under an air atmosphere inside a muffle furnace for about 3 hours. 
The final product was a brownish black powder and was designated Ag-AP-Al 2 0 3 . 

Example 2 

This example describes the adsorption of thiophene using Ag-AP-Al 2 0 3 prepared 
1 5 according to Example 1 . To about 0. 1 g of Ag-AP-Al 2 0 3 , 1 0 ml of thiophene solution in pentane 
(9.9x1 0" 5 M) was added. The sorption of thiophene was allowed to proceed at room temperature 
for about 15 hours. The degree of thiophene sorption on Ag-AP-Al 2 0 3 was determined by 
measuring the UV-Vis spectrum of the supernatant solution. Analysis showed that the silver ion 
impregnated AP-A1 2 0 3 was successful in scavenging thiophene from the pentane solution. 

20 

Example 3 

This example relates to impregnation of nanocrystalline MgO with nickel ions (Ni 2+ ), the 
final product being designated Ni 2+ -AP-MgO. In a 250 ml round bottom flask, 0.2 g of nanosized 
MgO (also referred to as AP-MgO) prepared by the aerogel method, 0.1 g of nickel 

25 acetylacetonate, and 25 ml of tetrahydrofuran are combined. The slurry is stirred at room 
temperature for about 24 hours. The mixture is centrifuged, washed with tetrahydrofuran, and 
dried in a drying cabinet for about 2 hours. The resulting powder undergoes calcination for about 
3 hours inside a muffle furnace at 500°C initially under an air atmosphere switching over to a 
vacuum. Ni 2+ -AP-Al 2 0 3 may be prepared in a similar manner by substituting AP-A1 2 0 3 for MgO. 

30 Similarly, Cu + , Au + , Ga 3+ , and In 3+ may be substituted for Ni 2+ in this process and the metal oxide 
impregnated therewith. 
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Example 4 

This example describes impregnation of a nanocrystalline metal oxide with a second 
metal oxide which exhibits the properties of a Lewis acid. Specifically, this example describes 
the impregnation of A1 2 0 3 with Ga 2 0 3 (the Lewis acid). In a 250 ml round bottom flask, 0.2 g 
5 of nanosized A1 2 0 3 (also referred to as AP-A1 2 0 3 ) prepared by the aerogel method, 0.1 g of 
gallium acetylacetonate, and 25 ml of tetrahydrofuran are combined. The slurry is stirred at room 
temperature for about 24 hours. The mixture is centrifuged, washed with tetrahydrofuran to 
remove the excess gallium acetylacetonate, and dried in a drying cabinet for about 2 hours. The 
resulting powder undergoes calcination for about 3 hours inside a muffle furnace at 500°C under 
10 an air atmosphere. It is important to note that MgO may be substituted for A1 2 0 3 and indium 
acetylacetonate for gallium acetylacetonate with little modification of the overall method. 

Example 5 

This example pertains to the preparation of nanocrystalline Ga 2 0 3 having a high surface 
1 5 area useful as a sorbent for thiophene removal from a fluid. In this procedure, 7% by weight 
gallium ethoxide in ethanol solution is prepared and 63% by weight toluene solvent is added. 
The solution is then hydrolyzed by the addition of 0.5% by weight water dropwise while the 
solution is stirred and covered with aluminum foil to avoid evaporation. To ensure completion 
of the reaction, the mixture is stirred overnight. This produces a gel which is treated in an 
20 autoclave using a glass lined 600 ml capacity Parr miniature reactor. The gel solution is placed 
in the reactor and flushed for 1 0 minutes with nitrogen gas, whereupon the reactor is closed and 
pressurized to 100 psi using nitrogen gas. The reactor is then heated up to 265°C over a 4 hour 
period at a heating rate of l°C/min. The temperature is equilibrated at 265°C for 10 minutes 
(final reactor pressure is about 900 psi). At this point, the reactor is vented to release the pressure 
25 and vent the solvent. Finally, the reactor is flushed with nitrogen gas for 10 minutes. The 
resulting Ga(OH) 3 particles undergo calcination and are converted to Ga 2 0 3 . The calcination 
proceeds for about 6 hours under an air atmosphere up to a maximum temperature of 500°C. 

The indium ethoxide may be substituted for gallium ethoxide in the preceding method 
for production of In 2 Q 3 . 
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